A new species, Ceratocystis norvegica J. Reid & Hausner sp. nov., is described from Norway. Based on morphological criteria and analyses of rDNA internal transcribed spacer and small subunit rDNA sequences, strains collected from galleries of the bark beetle Ips typographus on Picea abies (L.) H. Karst, were shown to be distinct both from members of the Ceratocystis coerulescens complex and from other species described previously from conifers. Ceratocystis norvegica has the following defining characteristics: convergent ostiolar hyphae; a sharply defined temperature optimum at 20 8C; an apparent lack of a conidial state; and ascospores that on germination produce either self-fertile or self-sterile strains. 
Introduction
The fungal genus Ceratocystis Ellis & Halst. sensu stricto consists of plant pathogens or sapwood-staining species found in association with both angiosperms and gymnosperms; many are adapted for insect dispersal. Their various attributes were reviewed recently by Montoya and Wingfield (2006) , who noted that those occurring on host members of the Pinaceae (conifers) may be blue-staining fungi, virulent pathogens, secondary colonizers of wounds, mutualistic symbionts of their vectors, or combinations thereof. Harrington and Wingfield (1998) recognized seven distinct Ceratocystis species occurring on conifers: Ceratocystis coerulescens (Münch) Bakshi (in Bakshi 1950) four other nonconifer-inhabiting members of the genus, form the C. coerulescens complex (Wingfield et al. 1997; Montoya and Wingfield 2006) . Marin et al. (2005) noted that problems existed regarding species relationships within this complex, particularly with respect to C. polonica and C. laricicola, but some of these were resolved by their recognition of another new species, Ceratocystis fujiensis M.J. Wingf. et al. (in Marin et al. (2005) ) within the C. polonica subgroup.
During a morphological reassessment of several strains in our culture collection, isolated in 1974 in eastern Norway from galleries of the bark beetle Ips typographus on specimens of Picea abies (L.) H. Karst. or from stained wood samples of the latter, we concluded that we had probably found representatives of a new Ceratocystis species. Therefore, to determine whether this was so, we compared nuclear small subunit rDNA (rSSU) gene and rDNA internal transcribed spacer (ITS) region (ITS1, 5.8S gene, and ITS2) sequences from our isolates with those of other Ceratocystis species. We also assessed the growth rates and cultural characteristics of three of our strains at different temperatures, and determined whether isolates derived from single ascospores formed perithecia.
Collectively, the results show that our Norwegian isolates do represent a discrete taxon within the genus Ceratocystis that is distinct both from members of the C. polonica subgroup and from other morphologically similar conifer-inhabiting species; it is described herein as Ceratocystis norvegica sp. nov. 
Materials and methods

Strains studied and culturing procedure
Strains examined directly and (or) sequenced are detailed in Table 1 . Living cultures and dried specimens of the newly described species have been deposited in the University of Alberta Microfungus Collection and Herbarium (UAMH). Additional GenBank sequences incorporated in our analyses are listed in Table 2 .
Unless stated otherwise, strains were grown on malt extract agar amended with yeast extract (MEA YE : 20 g/L malt extract; Difco, Mich., USA), 20 g/L agar (GIBCO BRL, Paisley, UK), and 1 g/L yeast extract (Gibco)) in 100 mm Petri plates (FisherBrand, Thermo Fisher Scientific, Ottawa, Ont., Canada). Cultures were grown and characterized according to Hausner et al. (2003) , and colour designations are based on Rayner (1970) . Microscopic preparations were mounted in 85% lactic acid.
We selected three of our isolates, UAMH 11187, 11188, and 11189, and determined their growth rates at different temperatures using the protocols of van Wyk et al. (2006) , which were modified as follows: using a sterile 5 mm cork borer, mycelial inoculation plugs were cut from the margins of 2-week-old cultures grown at 20 8C on MEA.YE and inoculated centrally onto fresh medium. Six plates of each isolate were incubated at 10, 15, 20, 25, 30, and 35 8C for a period of 5 days, and the daily incremental growth increases were recorded within a fixed 2 h time interval on each successive day following Petri plate inoculation. Each set of measurements was taken and recorded in 2 h.
All plates incubated at 20 8C were retained for a further 16 days (thus 21 days in total from inoculation) to determine whether any significant differences between the test strains would become apparent.
Mycelium generation for DNA extraction and protocols for whole-cell DNA isolation followed Hausner et al. (1992) .
Mating type determination
To determine the mating nature of our isolates, 20 single ascospore lines were obtained from 15-day-old sporulating cultures of UAMH 11187 and 11188. Depending on the size of the spore drops at the neck apices of individual perithecia, one to three drops were removed using a sterile inoculating needle and dispensed aseptically into 1 mL aliquots of a sterile aqueous solution of 10% dimethylsulfoxide (DMSO; Sigma-Aldrich Canada Ltd., Oakville, Ont., Canada) (Chung et al. 2006) in sterile, capped test tubes; eight tubes were prepared for each isolate. This was done using a variable magnification dissecting microscope fitted with both substage and incident illumination (Wild MB, Wild Leitz, Willowdale, Ont., Canada) positioned in an inoculation chamber.
Next, 2 mL of sterile distilled water was added to each tube, and these were kept upright for 2 h with periodic agitation. The contents of each were then poured aseptically into individual 2% water agar Petri plates and spread evenly over the entire surface of the medium with a sterile bent glass rod. Sixteen plates in all were kept upright for 2 h at room temperature to allow spores to settle, then inverted and placed in overlapping rows in a sterile tray. Thus, each plate was positioned at 208-358 to the vertical, and excess moisture was drained into the lid of individual plates. The tray was then placed for 36-48 h in a darkened incubator at 20 8C. Next, single germinating ascospores were removed from these plates, placed centrally on fresh MEA.YE in 60 mm Â 15 mm Petri plates (FisherBrand), and incubated in the dark at 20 8C.
Five and 8 days after the single-spore isolates were made, eight fresh plates were inoculated centrally with a single ascospore droplet from individual perithecial tips of a freshly sporulating culture of UAMH 11188. Sporulation development on these was compared with that on the single-ascospore derived cultures. The delayed inoculation times allowed the single ascospore cultures to develop more fully before the comparison trial began.
DNA extraction and amplification protocols
Primers SSUZ and LSU4 ) were used to amplify ITS regions, and primers SSJ and SST (Hausner et al. 1993a) were used for amplifying the nuclear rSSU gene. From the resulting PCR products, DNA sequencing templates were prepared using the Promega Wizard SV Gel and PCR Clean-Up System (Promega Corp., Madison, Wis., USA). The purified PCR products were sequenced with primers previously described in Hausner and Reid (2004) and Hausner and Wang (2005) for the rSSU and ITS region, respectively. Sequences were generated using the Big Dye Version 3.1 cycle-sequencing kit according to the manufacturer's protocols (Applied Biosystems, Foster City, Calif., USA); the sequencing products were analyzed by automated fluorescent DNA sequence analysis as performed at the University of Calgary DNA Sequencing Facility (Calgary, Alta., Canada) using an ABI Prism 310 Genetic Analyzer System (Applied Biosystems).
Analyses of DNA sequence data
The sequences were aligned with ClustalX (Thompson et al. 1997 ) and, when appropriate, modified with the alignment editor program GeneDoc (version 2.5.010; Nicholas et al. 1997 ), but regions that could not be aligned unambiguously were deleted. The rSSU data set was analyzed using PHYLIP (Felsenstein 2006) ; both DNAPARS (maximum parsimony) and DNADIST (F84 setting), and the distance matrix generated from the latter, was utilized in the NEIGH-BOR program (neighbor-joining (NJ) setting) for inferring a phylogenetic tree. The phylogenetic estimates were evaluated using the bootstrap procedure (Felsenstein 1985) (SEQBOOT 1000 replicates, and CONSENSE) in PHYLIP. The Tree-Puzzle (TP) program, a maximum likelihood phylogenetic analysis using quartets and parallel computing (Schmidt et al. 2002) , was also used to infer phylogenetic relationships among the rSSU sequences. The settings for the quartet puzzling algorithm were 10 000 puzzling steps, transition-transversion parameter estimated from data set, and HKY evolutionary model (Hasegawa et al. 1985) .
The ITS data set was analyzed with FASTME (Desper and Gascuel 2002) as implemented in DAMBE (Xia and Xie 2001) and with NJ and DNAPARS in combination with bootstrap analysis.
Phylogenetic trees were drawn with the TreeView program (Page 1996) using the PHYLIP tree outfiles and anno- 
Results
Cultural and morphological characteristics
The three isolates tested showed very similar morphological growth-temperature responses under each test condition. Therefore, only the response of UAMH 11187 is shown in Fig. 1A . However, the experiment was terminated on day 5 because by then, at 20 8C, the mycelium had completely covered at least one of the test plates.
The very similar growth-temperature profiles of the three isolates are depicted graphically in Fig. 1B , with optimum growth peaking sharply at 208 C for all strains, decreasing markedly at 25 8C, and none occurring at 30 8C . By day 21, no significant differences were noted between the retained cultures of the three strains tested; therefore, the description of cultural characteristics is based on UAMH 11187, and the representative temperature-related colour change is shown in Fig. 1(A) .
The mycelium was appressed initially, with only relatively sparse aerial hyphae being produced, but perithecial initials were visible by day 5 at 10, 15, and 20 8C. By day 3 at 20 8C, small knots of mycelium were forming randomly over the mycelium surface. Initially, these knots were pale mouse grey in colour, becoming mouse grey as they continued to enlarge. They never coalesced fully as the cultures aged except at the culture margins. Within these knots and mounds of hyphal elements, depending on their size, one to several perithecia developed, and the mycelium between the mounds became buff coloured; a similar central mound developed at the inoculation point in each plate.
When the mycelium reached the margins of the Petri plates it piled up uniformly like a narrow dam, or ring, surrounding the more central area; this ring gradually broadened inwardly. At first this mycelium was pale mouse grey in colour, but darkened to mouse grey as it aged, and it was in this mycelium that the majority of the perithecia produced in a plate eventually developed (Fig. 1C, arrow) . By day 15 the appressed mycelium within this mycelial ring had darkened because of pigment excretion into the medium, and the culture appeared fuscous black centrally, but with scattered mounds of mouse grey hyphae in some of which perithecia had formed. By day 21, when observations were terminated, the peripheral hyphal ring had expanded further inwardly, although the mycelium of this fresh growth was slightly less dense.
Mating type determination
Having noted that when the mycelial mats reached plate edges they became extensively mounded and barrier-like, and here perithecia developed most rapidly and abundantly, we established the single ascospore cultures on the smaller Petri plates, hoping to shorten the time required to induce the barrier formation and subsequent development of mature perithecia; it did.
These culture plates were examined 20 days after inoculation; this was 12 and 15 days after inoculation of the UAMH 11188 spore droplet plates, and at that time 18 single-ascospore plates of UAMH 11187 and 17 plates of UAMH 11188 had vigorous, normal-appearing colonies filling the plates. Microscopic examination using incident illumination (plate lids removed) revealed that while the majority of cultures from single ascospores had produced abundant perithecia, a few were sterile; perithecia were abundant on all plates of both check sets. This suggests that ascospores of C. norvegica may produce either self-fertile or self-sterile strains.
DNA sequence analysis
Analysis of our combined rSSU sequence data set helped to confirm placement of our new species. The aligned data set contained 34 unique rSSU sequences covering 1693 positions and included appropriate strains of Ceratocystis, Cornuvesica C.D. Viljoen et al., Gondwanamyces G.J. Marais & M.J. Wingf., and Ophiostoma H. & P. Sydow (see Tables 1  and 2 ). Phylogenetic analysis based on NJ, maximum parsimony, and maximum likelihood analyses yielded phylogenetic trees with nearly identical topologies and bootstrap support for the major nodes (Fig. 2) . Isolates of Ceratocystis norvegica grouped with Ceratocystis fimbriata and Ceratocystis moniliformis, and these three species formed a clade that was sister to Cornuvesica falcata, the only species in the monotypic genus Cornuvesica. Gondwanamyces proteae, the three species of Ceratocystis, and Cornuvesica falcata formed a well-supported clade that was, in turn, sister to members of the Microascales.
The ITS data set contained 25 sequences covering 573 positions (see Table 1 ) in which Kernia pachypleura served as the outgroup. Based on the four different methodologies (NJ, DNAPARS, and ML-Quartet puzzling), the ITS se- quence analysis yielded phylogenetic trees with similar topologies and node support values (Fig. 3) . In this phylogeny, isolates representing C. coerulescens, C. polonica, C. resinifera, and C. pinicola formed a well-supported group corresponding to part of the C. coerulescens complex sensu Harrington and Wingfield (1998) . Ceratocystis norvegica J. Reid & Hausner sp. nov. did not belong to this complex, but was positioned in a separate lineage with strains representing Ceratocystis fagacearum (1956) and Ceratocystis adiposa [:Ceratocystis major fide (Upadhyay 1981) ].
Taxonomy
As both our molecular analyses and morphological data show that our isolates are distinct from other tested Ceratocystis species, we now describe a new species first reported from Norway. Colonies fast growing on 2% malt extract agar amended with yeast extract; optimum growth at 20 8C, and maximum growth between 25 and 30 8C (Fig. 1B) ; after 4 days reaching a mean diameter of 34 mm at 25 8C, but no growth at or above 30 8C. At 20 8C, mycelium initially hyaline and appressed, then forming small pale mouse grey mounds of compact hyphae that gradually enlarge and become mouse grey in colour; though some mounds fuse, they never all fully coalesce, and the cultures retain an irregular surface. Intermound prostrate hyphae initially hyaline, gradually become buff coloured and, on further aging, black. Mycelium at the margin of the Petri plate forming a dense, floccose band of aerial mycelium that eventually becomes mouse grey in colour.
Ceratocystis norvegica
Perithecia form abundantly at 20 8C, embedded one to several in individual hyphal mounds, particularly abundant in the dam-like periphery of the thallus; bases appearing black by incident light; obpyriform to ampulliform, rarely globose in outline, and ornamented with numerous dark, hyphal elements; height 125-275 mm (194.54 ± 42.54 mm; mean ± SD) ; width 125-238 mm (185.71 ± 50.74 mm). Necks dark and flared at their bases, elongate, tapering, and becoming slightly paler where ostiolar hyphae are produced; bases 37.5-87.5 mm wide (60.08 ± 11.82 mm); apices 17.5-25.0 mm wide (23.08 ± 2.47 mm); neck length (excluding ostiolar hyphae) 605-945 mm (849.63 ± 148.5 mm). Ostiolar hyphae 25-105mm long (78.4 ± 17.76 mm), convergent, hyaline, and tapered slightly to blunted, rounded tips (Fig. 4B) . Fig. 3 . Phylogenetic tree based on ITS sequence data. The levels of confidence for the major nodes in the phylogenetic tree are based on bootstrap analysis in NEIGHBOR (first value), DNAPARS (second value), and FASTME (third value).
Ascospores unicellular, hyaline, oblong-cylindrical in plan view (Olchowecki and Reid 1974 ) with a uniform translucent sheath (Fig. 4C ), but occasionally appearing slightly curved in side view, and then the sheath often appears thicker at the spore ends (Fig. 4D) , with sheath 6.0-9.0 mm long (6.98 ± 0.95 mm) and 2.0-5.0 mm wide (3.46 ± 0.58 mm), without sheath 4.0-7.0 mm long (5.38 ± 0.75 mm) and 1.5-3.0 mm wide (1.79 ± 0.41 mm). Neither a conidial anamorph nor perithecial spines were observed. 
Discussion
As the comparative data presented in Table 3 show, only four cultural characteristics separate our proposed new Ceratocystis species from all others described previously on conifers.
First, C. norvegica has convergent ostiolar hyphae, while in all other species they are divergent, except for C. polonica; in the latter they are parallel to divergent. Second, it has a sharply defined temperature optimum at 20 8C, and such a result is, for example, in sharp contrast to those reported for C. polonica, C. laricicola, and C. fujiensis (Marin et al. 2005) ; the latter each has a rather broad optimum temperature range, from 20 to 25 8C, with growth only slightly less at 20 8C than at 25 8C, and they all pro- duce measurable growth at 30 8C. Third, to date we have not seen a conidial state in our fungus. Other Ceratocystis spp., including those listed in Table 2 , have anamorphs assigned to Thielaviopsis Went emend. Paulin-Mahady et al. (2002) , wherein conidia are produced at the base of the deep, cylindrical phialide collarette (Minter et al. 1983; Minter 1987) ; in some species, dark, thick-walled aleurioconidia are also produced (Paulin and Harrington 2000; Paulin-Mahady et al. 2002) . Finally, C. norvegica has a somewhat different pattern of mycelial production in Petri plate cultures (Fig. 1C ) from that of previously described species.
Although the above characters alone might not justify erection of a new species, we feel that when they are combined with our molecular data (rSSU and ITS sequences), and when this total data set is contrasted with that published for other Ceratocystis spp. (Table 3 ), these results confirm that our isolates do represent a new species.
Van Wyk et al. (2004, p. 276) reported that C. bhutanensis, C. moniliformis, and C. moniliformopsis cultures tended to degenerate on their formulation of MEA, stating, ''Degenerated cultures became white in colour, displayed reduced growth and ceased to produce ascomata in culture.'' Not infrequently one of our isolates, UAMH 11189, also showed abnormal development when transfers were made. In these cases, however, while the mycelium was more uniform in appearance over the surface of the plate and the colour variation was greatly reduced, perithecia could still be seen. We cannot explain what underlies this variation, but this is observed in the one isolate originally derived from stained, infected wood.
There were also other minor variations between our isolates in culture. UAMH 11189 produced both smaller and fewer perithecial initials during the growth culture experiment than did UAMH 11187 and 11188, and although all strains became pigmented, with its intensity increasing with temperature rise, at all temperatures colour was slightly more intense in UAMH 11189.
That our rSSU data demonstrated a relationship of C. norvegica to both C. fimbriata and C. moniliformis, and then a relationship of these three to Cornuvesica falcata and members of the Microascales, was not surprising; similar findings have been reported previously (Hausner et al. 1993b; Spatafora and Blackwell 1994; Hausner and Reid 2004) . These data confirmed that C. norvegica is a member of the genus Ceratocystis, but it provided no information as to its relationship to the Ceratocystis species on conifers sensu Harrington and Wingfield (1998) .
While neither our ITS data, nor those of Witthuhn et al. (2000) , are strongly supported, our phylogram shows that relationships amongst the species within the ''coerulescens'' clade are more complex than does theirs. For example, in their subclade (Witthuhn et al. 2000 , Fig. 2 ), C. douglasii is linked with both C. pinicola and C. coerulescens, but our results set the former apart from all other species in that clade. In so doing, our findings are similar to those of Wingfield (1998, p. 1456) , who stated that, ''Of all the species treated here, C. douglasii has the most distinctive isozyme profile (Harrington et al.1996) and ITS sequence (Witthuhn et al. 1998) .'' Although our ITS data does demonstrate the monophyly of the ''coerulescens'' clade as defined by the species we studied, the monophyly of the then-known Harrington et al. 2002 , Marin et al. 2005 ; (4) Redfern et al.1987 , Marin et al. 2005  (5) this paper; (6) Harrington and Wingfield 1998; (7) Siemaszko 1939 , Harrington and McNew 1998 , Marin et al. 2005 ; (8) Harrington and Wingfield 1998; (9) Wingfield et al. 1997 .
Ceratocystis species on conifers had been demonstrated previously by Witthuhn et al. (1998) and Paulin-Mahady et al. (2002) . In contrast though, Witthuhn et al. (2000) have also shown that, at times, ITS data might not resolve relationships between closely related sympatric species, whereas physiological characters (isozyme analysis) would. It had been suggested that conifer-inhabiting species of Ceratocystis are monophyletic, but some species were impossible to distinguish morphologically. Therefore, species relationships had to be resolved using techniques such as enzyme pattern variation; analysis of sequence differences in the ITS of their rDNA operons and other genomic regions; sexual compatibility; and restriction enzyme polymorphism analysis of selected genome regions (Harrington et al. 1996 Witthuhn et al. 1998 Witthuhn et al. , 1999 Loppnau and Breuil 2003; Marin et al. 2005) . These studies generally confirmed that there were indeed nine monophyletic Ceratocystis spp. inhabiting coniferous tree species, but the taxonomy of such conifer-inhabiting fungi had not actually been resolved. Later, two additional species from conifers were isolated and described, Ceratocystis bhutanensis M . van Wyk et al. (in van Wyk et al. 2004) and Ceratocystis tribiliformis M. van Wyk & M.J. Wingfield (in van Wyk et al. 2006 ), but these two were readily distinguishable from the others noted earlier, as they have hat-shaped ascospores. Furthermore, using comparison of polymorphic simple sequence repeat content, Marin et al. (2009) have shown that even within the well-known species C. polonica, previously unrecognized genetic diversity exists. Thus, the presumed implication from many studies that all Ceratocystis species similarly adapted to conifers will be closely related is, as has been shown by van Wyk et al. (2004 van Wyk et al. ( , 2006 and our results, not the case.
